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Introduction
Malodours emanating from livestock operations are a major concern to the non-farming public. Odour is a complex mixture of many different compounds resulting from the anaerobic decomposition of manure (Le et al., 2005; Zhang et al., 2002) . Some of these compounds may have negative effects on crops, animals and humans (Hobbs et al., 1999; Le et al., 2005) . Land spreading of manure, in particular, draws more complaints about nuisance odour than any other aspect of livestock production (AAFC, 1998b; Phillips et al., 1991) . In Quebec, 70% of the complaints surrounding nuisance odour involved land spreading (AAFC, 1998b) . In Saskatchewan, Guo et al. (2005) observed that between May and October manure spreading contributed to increased odour occurrences. Odour emissions from field-applied manure are generally affected by management practices and weather conditions. The major weather conditions include atmospheric stability, windspeed, temperature, relative humidity, solar radiation, and the mixing height (Guo et al., 2006) . High windspeeds increase odour transfer rate from manure to the air (Smith and Watts, 1994b; Zhou and Zhang, 2003) , while higher temperatures stimulate the breakdown of odorous compounds (Le et al., 2005) .
A significant amount of research has been devoted to quantifying odour emissions from livestock facilities and stored manure, with little focus on manure application (Agnew et al., 2006; Cicek et al., 2004; Jacobson et al., 1999; Zhou and Zhang, 2003) . Moreover, the limited studies that measured odour emissions following manure application (Agnew et al., 2006; Misselbrook et al., 1993; Rahman et al., 2001; Rahman et al., 2005) have utilised enclosures or wind tunnels, which may provide unrealistic estimates due to their effect on the micro-climate.
Micrometeorological techniques are used to measure the turbulent transfer of gases and fluid particles between the surface and the atmosphere. These techniques typically measure fluxes over extensive areas thus minimising spatial variability (Baldocchi et al., 1988; Pain et al, 1991) . Among the various micrometeorological techniques, the Theoretical Profile Shape (TPS) method (Wilson et al., 1983 ) is one of the simplest in relation to physical monitoring. It has been extensively used to study ammonia (NH 3 ) flux from field applied manure (Gordon et al. 1988; Gordon et al., 2001; Wilson et al., 1983) . With the TPS method, both the gas concentration and windspeed are measured above the centre of the circular plot at a single height referred to as ZINST (Gordon et al., 1988; Pain et al., 1991; Wilson et al., 1983) . Although this method has been extensively used for NH 3 volatilisation measurements, its application for quantifying odour emissions following field-spreading of manure has been quite limited .
The objectives of this study are therefore to: (i) evaluate the magnitude of odour emissions using the TPS method following the application of hog (Sus scrofa) slurry to grass, and (ii) identify management and meteorological factors that influence the rate of odour emissions from surface applied slurry. The study specifically compared odour emissions from different slurry application rates, different initial soil water status, diluted slurry, and rainfall simulation immediately after slurry application.
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During both years, experiments were conducted in circular plots, 7 m in diameter and separated by 3-m spacing. To minimise cross contamination, plots were arranged in a straight line perpendicular to the direction of the prevailing wind. To obtain an even distribution, slurry was applied manually using buckets. Slurry used in all the experiments was collected from a nearby commercial hog operation with characteristics provided in Table 1 . Before slurry application, the grass was mowed to a height of about 5 cm using a tractor-drawn mower. Experiment start dates, duration of measurements, treatments, application rates and average meteorological conditions are shown in Table 2 . Table 1 . Chemical and physical characteristics of the soils (0-20 cm depth) and hog slurry used in the study.
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Odour Collection, Analysis and Flux Calculations
Odour samples were collected in 10 L Tedlar bags using micrometeorological techniques (Gordon et al., 1988; Pain et al., 1991; Wilson et al., 1983) . Odour samples were collected above the centre of each plot at 12.5 cm (ZINST) as discussed by Gordon et al. (1988) . Samples were collected using an AC'SCENT vacuum chamber (St Croix Sensory Inc., Stillwater, MN). During sampling, odour samples are directly drawn into the sample bags without coming into contact with the pump. This reduces chances of sample contamination by gases generated by the pump. The typical time to fill a bag was approximately 10 min. Before taking a sample, the bags were purged with sample air. Samples were generally collected at 0, 2, 4, 6, 18, 24, 30 and 48 h after slurry application and sent to Agriculture and Agri-Food Canada (AAFC), Charlottetown, Prince Edward Island for subsequent analysis. Due to the high cost of analysing odour samples, only one sample per treatment (no replication) was collected at each sampling time, thus data were not subjected to analysis of variance.
Odour concentrations (OC) were determined using an AC'SCENT dynamic-dilution olfactometer (St Croix Sensory Inc., Stillwater, MN) together with an odour panel consisting of at least six trained panellists. The olfactometer mixes odour samples in specific ratios with odour free air for presentation to the panel. The panellists were each presented with three samples via the olfactometer to test (i.e., sniff) and had to select the sample that contained odorous air. This approach is referred to as the triangular forced choice method (Zhang et al., 2002) . The advantage with olfactometry is that it provides objective data on OC through the determination of threshold values ). An OC is defined as the number of dilutions at which 50% of the panellist can detect an odour, and is expressed as odour units m -3 (OU m -3
) of air (Hobbs, et al., 1995; Misselbrook et al., 1997; Steven et al., 2006) . Using the theoretical profile shape (TPS) method, odour fluxes (OU m -2 s -1 ) can be calculated as follows (Gordon et al., 1988; Pain et al., 1991; Wilson et al., 1983 ), respectively, both measured at ZINST (12.5 cm). The [SC/F] is a dimension-less ratio that has a value of 12 for 7 m diameter plots (Gordon et al., 1988) . Total odour emissions for the duration of an experiment are derived by integrating these flux measurements.
Windspeed for flux calculations was recorded at ZINST (12.5 cm) using an inverted cup anemometer (Met One 014A, Grants Pass, OR). From each plot, soil temperature at 10 cm depth was monitored using copper-constantan thermocouples and soil water content at the 0-20 cm depth was recorded using time domain reflectometry (TDR). Additionally, several meteorological variables including net radiation, relative humidity, soil heat flux and rainfall were measured using a Bowen Ratio Energy Balance (BREB) system (Radiation and Energy Balance System Inc, Seattle, WA). Evapotranspiration (ET) rates (mm d -1 ) were calculated using latent heat data computed from the BREB (Oke, 1996; Peacock and Hess, 2004) . Data were recorded at 60 s intervals and averaged over 15 min using a CR10 data-logger (Campbell Scientific Corp., Logan, UT). ) compared to other studies, even with the highest application rate. Pain et al. (1991) measured OC ranging from 34 to 1076 OU m -3 after applying pig or cattle slurry to grass. Rahman et al. (2001 Rahman et al. ( , 2005 recorded OC values ranging from 102 to 1053 OU m -3 after injecting slurry at different rates, while Mosley et al. (1998) observed an OC of 250 OU m -3 soon after surface application of pig slurry, but this declined to about 60 OU m -3 after 24 h. Misselbrook et al. (1993) reported that typical OC following pig slurry spreading would be 150 OU m -3 at source, while Mosley et al. (1998) suggested that OC for background (uncontaminated) air upwind of experiments should range from 50 to 150 OU m -3 . In the current study, background air samples collected before slurry spreading had OC ranging from 31 to 99 OU m -3
Results and Discussion

Odour Concentration
. The lower OC in the current study may be attributed to different soil types, manure characteristics, soil and sward conditions (Rahman et al. 2005) , weather conditions, and measurement techniques. Another factor that may have caused the lower OC may have been due to off-gassing and sorption of odour compounds to Tedlar bags during storage i.e., before analysis (Keener et al., 2002; Trabue et al., 2006) . Trabue et al., 2006 found that storing odour samples in Tedlar bags for >0.5 h resulted in significantly reduced OC, and suggested that odour results from Tedlar bags must be interpreted with caution. In the current study, it was not possible to analyse samples immediately after collection; samples were typically stored for >48 h before analysis, which may have lowered the OC.
Odour Fluxes
Odour fluxes were generally high shortly after slurry application and declined with time. ) after applying liquid swine manure at different rates. In Manitoba, odour emission rates from swine barns ranged from 12 to 38 OU m -2 s -1 (Zhou and Zhang, 2003) , while in Minnesota they ranged from 1 to 30 OU m -2 s -1 (Jacobson et al., 1999) . Typical odour emission rates from field-applied pig slurry are summarised by Smith and Watts (1994a) , and they range from 3 to 504 OU m -2 s -1 .
Total Odour Emissions
Total odour emissions ) and the percent (%) change in odour emissions for all experiments are shown in Table 3 . These results show that in general, increasing slurry application rate resulted in higher odour emissions, particularly when the application rate increased to 3x. At this application rate, total odour emissions were on average 28% (range 11 to 44%) higher than the conventional (1x) rate. Meanwhile, applying slurry on soils that had received water prior to application produced variable results. In the experiment conducted on July 22, 2003, total emissions were similar for both treatments, while in the experiment conducted on July 28, 2004, emissions decreased by 17%. Such contrasting results were unexpected, and may have been caused by the fact that the water content (θ v ) for the plots that received water (wet) and those that did not receive water (dry) were not very different. Diluting slurry decreased emissions on average by only 11% (range 0 to 25%). In a laboratory experiment, Le et al. (2005) found that increasing manure dilution from 0 to 100% decreased odour emissions by 50%. Watts et al. (1992) reported that odour emission rates from manure increased in the 2 day period following heavy rain and then declined rapidly as the manure dried. These results suggest that both slurry dilution and rainfall after application at the rates used in this study may not be viable strategies for reducing odour emissions from field-applied pig slurry. These results should however, be interpreted with caution knowing that treatments were not replicated.
Impact of Meteorological Variables on Odour Emissions
To establish possible relationships between meteorological variables and odour emissions, the average odour fluxes (OU m -2 s -1
) for all conventional (1x) treatments in the 24 h following slurry application were used in the linear regression analysis. Out of the 10 meteorological variables tested, only three were correlated with odour flux during both years (Fig.1 ). Fluxes increased with higher windspeed, net radiation and evapotranspiration. In 2003, the strongest correlation was with windspeed (R 2 = 0.98), while in 2004, it was with evapotranspiration (R 2 = 0.97). In 2004, the relationship with evapotranspiration was, however, weak yielding an R 2 of only 0.27. Using wind tunnels, Smith and Watts (1994b) and Schmidt et al. (1999) observed that odour emission rates from manure increased with windspeed. Meanwhile, Smith and Watts (1994b) suggested that evaporation of water from dying soil provides a guide to the likely process of odour emission.
Both air and soil temperature poorly correlated with odour flux. In a laboratory experiment, Le et al. (2005) found that raising temperature from 10 to 30 O C increased odour emission by 216%. When studying odour emissions from swine barns, Zhou and Zhang (2003) reported that odour emission rates were not affected by outdoor air temperature in the range from 12 to 35 (Table 2) . Nonetheless, results suggest that odour emissions can be reduced by applying slurry when windspeed, net radiation and evapotranspiration rates are low. Incidentally, this will also reduce NH 3 volatilisation. Such weather conditions may, however, lead to increased odour persistence since there will be less dilution of odour (i.e. less vertical mixing) and transfer rates and slow drying of the slurry.
Conclusions
Odour fluxes were generally highest soon after slurry spreading and decreased with time. Compared to the conventional application rate, doubling the slurry application rate had no effect on odour fluxes, but tripling the application rate increased odour fluxes and subsequently odour emissions. Applying slurry to wet soil produced somewhat variable results. Meanwhile, diluting slurry decreased odour emissions by an average 13%, while simulated rainfall increased emissions by 17%. Odour fluxes increased with higher windspeed, net radiation and evapotranspiration. Thus, slurry spreading should be done during less windy, cool days (low evaporative demand) in order to reduce odour emissions; however, such weather conditions may increase odour persistence. ) and meteorological variables (windspeed, net radiation and evapotranspiration) following application of hog slurry to grass in 2003 and 2004 
